In a previous paper (1932) an attem pt to measure the effect, if any, of a transverse magnetic field on the velocity of light in vacuo was described. No change greater than 1 part in 2 x 107 was found in a field of 18,000 oersted. As the Jam in interferometer used had certain drawbacks for an experiment of this kind, it was decided to set up a Michelson type of interferometer, the use of which might be expected to avoid some of these difficulties and increase the sensitivity. In particular, one of the inter fering rays could be made to pass twice through the magnetic field, or, by means of auxiliary mirrors, a multiple of this, while the other interfering ray, being at right angles to the first, was well away from the vicinity of the main leakage field, which would have a compensating effect as far as any change in velocity was concerned.
On setting up the Michelson interferometer it was found th at the optical quality of the mirrors used, which were two optical flats silvered, was such th at it was possible to find an adjustment which would cause a single interference band to fill the whole field of view almost uniformly. Also, using a mercury vapour lamp with a green line filter as source of light, the brightness of the bands was sufficient to operate a photoelectric cellamplifier-galvanometer combination. Thus band movements would, with the interferometer suitably adjusted, result in changes in the amount of light incident on the photoelectric cell, and these movements could be observed visually as displacements of the galvanometer light spot, or the displacements could be recorded photographically. An arrangement of this type, used for another purpose, has been described by H. J. P. V. Ohain (i 935), and selenium cells have been used for counting interference bands in a somewhat similar manner, by Barnard (1930) , by Fournier d' Albe and Symonds (1926) . I t was considered that this method Would be much better than the direct method of observing the bands by eye, since in observing directly the position of a band with respect to an index line, any movement [ 1 1 1 will be seen as a change of brightness in the vicinity of the index line, owing to the manner (approximately sinusoidal) in which the illumination along the band system passes from maximum to minimum. In the absence of any standard of comparison of brightness, sensitivity of observation under these circumstances will be poor. Kennedy (1926) and Illingworth (1927) have greatly increased the sensitivity of this method by dividing the field of view into two parts by using mirrors with a " step " a fraction of a wave-length in height. In this way band movements are made to appear as changes in relative brightness of two adjacent portions of the field. If, however, the changes of brightness occurring in the bands obtained with simple flat mirrors are converted into changes of electric current by means of a photoelectric cell and these changes amplified and used to actuate a galvanometer, the light spot from which may be arranged to be as sharp as required, visual observation of the movements of this spot, or of its recorded photographic trace, may be made with considerable sensitivity. By making a photographic record, using a galvanometer of relatively long period (4 sec.), and averaging the resulting curve with a planimeter, the effect of unsteadiness of the bands could be largely eliminated, whereas such un steadiness would greatly reduce the certainty of visual observation. A disadvantage of the photoelectric method is that, since the band movement is measured in terms of change of brightness, any change in brightness of the source, or any change in the effective aperture of the optical system, will produce effects which, on any single record, will be indistinguishable from actual band movements. However, by averaging the results of a number of records, using a different band position for each, such uncertain ties can be eliminated. Stray magnetic fields from the electromagnets, or electrical disturbances resulting from switching the current on or off, may affect the operation of the photoelectric cell or amplifier. Such effects did indeed occur, and the various measures taken to minimize them will be described later in this paper. The smallest band movement th at could be observed by the method described above (approximately 0-0005 band) compares favourably with the sensitivity achieved by other refinements in band measurement, such as those described by Piccard and Stahel (1926, 1927a, 19276) , Kennedy (1926) , Illingworth (1927) , and Kennedy and Thorndike (1932) .
D escription of appa r a tu s
The general arrangement of the interferometer, electromagnets, photo electric cell and amplifier is shown in plan in figure 1.
Optical system. Light from the mercury vapour lamp L is made approximately parallel by a lens and after passing through a W ratten no. 77 filter R, which renders it approximately monochromatic, it falls on the optical flat N , which is half-silvered on the side towards M. the transmitted portion passes through an airtight brass tube t, closed at each end by an optically flat glass window, mounted in a frame with sealing wax. The light is reflected at normal incidence from the silvered front surface of the optical flat M, travels back over the same path, and a portion is reflected at the half-silvered surface of N towards the photo electric cell C. The reflected portion of the initial ray passes through the gaps n of the three electromagnets D, E, F. It is reflected normally at the surface of a mirror 0, similar to M, passes back through the gaps, and a portion is transmitted through the half-silvered surface of N towards C. The gaps of the magnets and the necessary connecting tubes form an airtight system closed at the ends by windows similar to, and as nearly as possible the same distance apart, as those closing the tube t. These two airtight systems are connected together near by a rubber tube, of large diameter, which has a branch outlet to a pump at P. The windows closing the ends of this vacuum system are tilted slightly to divert light reflected at their surfaces out of the main optical path.
The mirror N is provided with fine adjustments about horizontal and vertical axes in its own plane, while the mirrors M and 0 have, in addition, linear motions perpendicular to their planes, along their respective light rays. All these adjustments are operated by means of differential screws with an effective pitch of in. All metallic parts of these mirror supports, and all other metal parts associated with the interferometer, except the cores of the magnets, are made of brass or gunmetal. Each mirror is sup ported by three screws which rest in a hole, slot, and plane arrangement in the tops of three brass plugs, let into the surfaces of the marble slabs u, tv, which in turn are cemented to the tops of brick and concrete pillars of such a height that the centre of the optical system was level with the magnet gaps.
When the interferometer was first set up in this way, it was found th at it was much more susceptible to vibration than the former Jam in arrangement, largely owing to the fact that, since the two interfering rays were now separated, any small movement of the foundation affected their respective paths unequally and caused relatively large band movements. To reduce this as far as possible, two thick (3 cm.) brass bars m were passed horizontally through the central supporting pillar efgh at right angles near its upper surface, and each also passed through one of the pillars supporting mirrors M and 0. Brass collars with flanges were screwed to the bars at the surface of each pillar and were tightened up, thus tending to join all three pillars up in a single fairly rigid system. This system has no direct contact with the brick and concrete foundation carrying the magnets, except through the floor, which is of concrete 6 in. thick resting on a sandy foundation. The tube t is supported by two clamps (not shown in figure 1 ), attached to the rod m in such a way th at the position of t may be adjusted. Two similar clamps, attached to the ends of pole-pieces of magnets D and F respectively, support the frames r carrying the windows closing the two ends of the magnet vacuum system. To minimize drifts of the bands due to temperature changes, it was found necessary to cover the Propagation of light in vacuo a transverse magnetic field 5 exposed parts of the bars m with thick felt lagging. Those portions of the paths of the interfering rays open to the atmosphere between the four windows a t r and their respective mirrors are enclosed in brass casings, only a little larger than would be required for the passage of the ray, and reaching to within a few millimetres of the faces of the mirrors. This was found to improve the steadiness of the bands. The light finally emerging from the interferometer is focused by means of a lens on the cathode of the photoelectric cell C. Arrangements were also made for introducing a mirror into the path of the emergent ray near N , to enable a telescope placed on efgh to be used for initial band adjustments.
Since monochromatic light was used, the usual compensating plate in the path of one of the interfering rays was not required. During some preliminary experiments, an incandescent filament lamp was used in place of the mercury vapour lamp a t L. A suitable compensating optical flat was introduced between N and M , near N , and by permitting the emergent light to fall on the slit of a spectroscope, it was found possible to find the adjustment of the mirrors necessary to give white-fight bands, by a method similar to th at described by Simon (1927) . These bands were not especially sharp and the required adjustment Would have been difficult to maintain, so they were not used for any of the measurements. Using the approximately mono chromatic fight from the mercury vapour lamp and filter, it was possible to move either Mo r Nl ongitudinally several millimetres bef became indistinct.
Magnets. Figure 1 gives in plan a view of a horizontal section through the gaps n of the three electromagnets D, E, and F, fully described in an earlier paper (1932) . Only minor changes in the magnets themselves and in their electrical connexions have been made for the present work as com pared with the former paper by the present authors (1932) . The width of the air gap in the direction of the fines of force (i.e. perpendicular to the plane of figure 1) is 3 mm. in each case, the other dimensions being 13 mm. from back to front for each magnet, and 117 cm. for the total length of the three magnets.
The bracing between the poles to prevent any narrowing of the gap by attractive forces when the current is switched on was found to be adequate, as tests showed that no measurable dimming of the fight through the gaps resulted from this cause. Since any such effects would cause spurious galvanometer deflexions with the present method of observation, it was also important to ensure that no change of alignment of the individual magnet gaps could occur, as a result of mutual forces arising from inter action of their respective fields, and to this end the three magnets are braced together at front and back with steel bars. Since it was found necessary to place thick rubber disks under the feet of all the magnets to reduce the effect of mechanical vibration from them on the bands, the rigidity of this bracing is very important. The bracing used was effective.
In order to enable the field strength in the gaps to be measured, six tubes (two on each magnet) were provided in the brass boxing enclosing the front portion of the gap, through which the fluxmeter search coil could be in serted into the gap. A special search coil constructed to fit into the gap was made, and was used with a Grassot fluxmeter, calibration against a standard search coil being afterwards effected in the field of another electromagnet. Three of these tubes were normally closed with rubber corks, when the field was not being measured; the other three marked i were used for attaching charcoal tubes for maintaining the vacuum.
Vacuum. As already indicated, the greater part of the space through which the path of each of the interfering rays passes was enclosed so as to enable it to be evacuated, and these two enclosures were in communication near the central mirror N. The magnet gaps were closed at the back by a flexible brass strip, and at the front by a brass boxing. At the ends of each gap suitable brass tubes were provided to enable connexion to be made between magnets and to the window frames The brass strip and boxing enclosing the gap were soldered to the iron pole pieces, and the brass tubes were soldered into holes in heavy brass plates covering the ends of the gaps; the joints were given several coats of metallic paint. The various brass tubes are joined by slipping rubber sleeves over them and sealing the joints with paint. The window frames r were soldered on to their respective tubes.
The preliminary evacuation was carried out by means of a mercury condensation pump backed with a rotary oil pump, but since vibration from the backing pump greatly disturbed the bands, and makes them practically invisible while it was running, this pump was shut off during an actual measurement and the vacuum was maintained with charcoal tubes and liquid air. The pressure of the residual air in the apparatus was observed by means of a small discharge tube located at the junction of the two vacuum systems where the branch tube goes to the pump. The appearance of the discharge during a measurement was noted and subsequent calibration was carried out with a McLeod gauge.
Current supply. Current for the magnet windings was obtained from the 220 V D.C. city main. The windings of the three magnets were connected in series, their total resistance when cold being 3-181?, and since they were connected directly to the supply without extra resistance the current should be 69 amp. Actually it was nearly always somewhat less than this, especially as the coils warmed up. Since the iron was being worked near saturation, small changes in current did not make much difference to the strength of the field. To prevent damage to the insulation from high induced voltages when the circuit was opened, two large electrolytic rectifiers were connected across the windings in such a way as to provide a low-resistance path for the current flowing in the windings when the switch was opened. The switch itself was the same as th a t used before, but it was removed to the next room in order to avoid any possibility of disturbance of the photoelectric cell by light from the arc formed when the circuit was broken, the door between the two rooms being closed during a run.
The general photograph of the apparatus, figure 3 (plate 1), corresponds to an elevation of the apparatus. On the extreme right the mirror O can be seen on its brick pillar, with one of the flanges of the bracing bar on its right-hand face. The brackets supporting the windows a t each end of the magnets are bolted to the upper part of the poles. Three liquid airflasks are in position over the charcoal tubes and an electric furnace used for baking out the charcoal is visible between the two right-hand flasks. Ju st to the left of the left-hand liquid-air flask is the discharge tube, and above and behind it the edge of the mirror N can be seen. The method of supporting the tube t from the rod m by two clamps can be clearly seen in the middle portion of the photograph. Towards the left is the mirror M and its supporting pillar, and beyond this, in the background, are the lead storage cells of the H.T. battery for the amplifier, which in turn is still farther back almost against the rear wall, being nearly hidden by the battery and the large bottle in the foreground. The recording camera and controls, to be described later, were in the room through this rear wall.
The wooden framework shown surrounding the magnets and part of the interferometer was originally covered with black cloth to form a nearly dark'enclosure. However, since it was necessary to carry out all the present experiments at night, and since no one was in this room during a run, the wooden wall at the back was all that was required to shield the photo electric cell from stray light from the mercury vapour lamp. The rest of the framework was retained, as it was useful for supporting the electrolytic rectifiers (which are on top), and various electrical fittings.
Amplifier. Since the light flux finally emerging from the interferometer with the magnets in position was rather small x 10-8 lumen approx.), it was necessary to amplify the resulting current from the gas-filled cell used before a galvanometer could be operated satisfactorily.
The amplifier first tried employed two ordinary triodes (type 201 A), in a bridge circuit. I t was found that, unless both grids were connected to the filament through relatively low resistances, the zero of the galvanometer became too unsteady for satisfactory operation. Modification of the socket so th at an isolated lead could be attached to the grid pin, and sawing slots in the valve base so as to further isolate this pin, caused some, bu t not sufficient, improvement. Complete shielding of the amplifier also gave little improvement, and so it was decided to try a type of valve having better insulation of the grid connexion. The type 78 radio-frequency pentode appeared suitable, because the grid terminal is at the top of the F igure 2 glass envelope, all other leads being brought out to the base pins in the normal way, the mutual conductance is fairly high (1650 micromhos), and its filament voltage (6*3) and current have convenient values. An experi mental amplifier was therefore set up, using two of these valves in the usual bridge arrangement, the screens being connected directly to a suitable source of fixed voltage; the suppressor grids and cathodes were connected to the negative side of the heaters. I t was a t once evident th a t stability was much improved, even with high resistance grid leaks, and amplification was adequate.
The circuit and general arrangements of the amplifier finally used are shown in figure 2. The two valves and V2, together with their anode resistances R x and R 2, grid batteries i?4 and high-resistance grid and some other apparatus, are enclosed in a double-walled iron shield, shown by the dashed lines; an extension of this shield reaches to and surrounds the photoelectric cell G and its leads. The resistances R x and which, together with Vx and V2, make up the Wheatstone network, are wire wound and of adequate size to prevent their heating appreciably. Their nominal value is 25,000 Q each, and they are provided with a number of adjustable clips for taking out connexions at several points. Since the galvanometer G is located some distance from the amplifier, in an adjacent room, it is necessary to have some means of balancing the bridge from a point where the galvanometer can be seen. This is accomplished by taking an extra lead, from a tapping on Rx, out to the galvanom the variable resistances R5 and R Q are connected between this lead and the side of the galvanometer connected to the anode of
The heaters of Vx and V2 are supplied from the battery consisting of four large capacity lead storage cells, the heater voltage being kept a t its rated value by means of the rheostat R and voltmeter V. The battery consisting of 120 small capacity lead storage cells, supplies screen and anode voltages for Vx and V2, both screens being connected to a t a t the middle of B x. The milliammeter M (0-50 mA) indicates to plate and screen currents for both valves. Since it was found necessary during the later stages of the work to operate the photoelectric cell near its ionizing voltage, where its output changes rapidly with applied voltage, a separate battery B 2 of eighty small storage cells, and a two cell battery of larger capacity, in conjunction with the potentiometer P2, were used to provide its anode voltage. Until this was done, slow drifts in the voltage of B x during operation caused the sensitivity to be continually changing. To prevent damage to the photoelectric cell and changes in its character istics, in the event of its ionizing, a resistance (1 MQ) in the positive lead and a relay T are provided. The resistance Rz served to limit the maximum value of the ionization current, while T, adjusted to operate when the anode current of V2 rose above normal, removed anode voltage entirely from the cell, and thus prevented it from being glowed for a long period if the operator failed to notice what had happened.
The two photoelectric cells used on different occasions were of similar construction, with a hemi-cylindrical metallic cathode coated with lightseijsitive material, and a rod-shaped anode along the axis of the cylinder. Anode and cathode connexions are brought out to two pins of a standard four pin valve base. The high resistance i?4, between the grid of V2 and its bias battery J55, consisted of a small glass tube with platinum foil electrodes, containing a mixture of pure alcohol and xylol in suitable proportions to give a resistance of 70 Mi2. The tube was sealed off and was buried in paraffin wax.
Amplifier stability. Although, as will be seen later, the chief causes of instability of the galvanometer light spot were not due to the amplifier, it is nevertheless desirable to have the amplifier as stable as possible, particularly with regard to quick disturbances. Causes of irregularities may be classified under the following headings: (a) batteries, (6) faulty insulation (particularly in the grid circuit of F2), (c) high-frequency dis turbances. These were considered and effective steps taken to eliminate them.
Spurious effects in amplifier and cell. It is important th at the stray magnetic field from the electromagnets should produce no disturbance of the bridge balance, since any such effect will appear in the final record, and its elimination from the measurements would be an undesirable added complication. The photoelectric cell was initially built into the amplifier, and the whole unit supported near efgh (figure 1), about 80 cm. from the nearest part of the magnets. During some preliminary trials the stray field apparently produced no effect, but suddenly an appreciable movement appeared every time the magnets were excited, even with the cell not illuminated. Magnetic shielding not being apparently completely effective, the amplifier was removed to the most distant corner of the room (shown at A in figure 1), where the stray field was found to be negligible. (Figure 1 is not quite to scale with respect to the distances from N to C, and from C to A, the actual distances being 243 and 275 cm. respectively.)
During preliminary runs, while the magnets were still pushed back out of the path of the ray between N and 0, ample light was available, and it was not found necessary to operate the photoelectric cell very near its glow voltage. Under these circumstances there was no apparent effect of the stray field on the photoelectric current, even with the cell located in the original position of the amplifier, near the magnets. However, with the much reduced illumination resulting when the ray between N and 0 had to pass through the magnet gaps, it became necessary to work the cell very near its critical voltage. I t was found that, with the cell illuminated by an incandescent lamp, arranged to give approximately the same inten sity of illumination at the cell as the interferometer, and with the cell voltage and amplifier sensitivity such th at a calculated galvanometer deflexion of 460 cm. would be obtained, switching on the magnet current gave a movement of 3 cm. in the direction corresponding to an increase in cell current. Effects of this order were found with two different types of gas-filled cells. The action of a magnetic field on photoelectric cells has been investigated by Fourmarier (1932) , who in every case found a decrease in cell current due to the field. He does not give either the field strength or the intensity of illumination employed, but it is thought th a t both would be considerably greater than in the present case. Since the cell current is greatly amplified by ionization of the gas filling by photoelectrons and secondary electrons, any factor which would tend to increase length of electronic path in the gas might be expected to increase the amount of ionization produced and thus the final current. Should the gas pressure in the cell be such th a t the mean free path of an electron is comparable with the distance between the electrodes, the curvature of the paths of the electrons in the magnetic field might produce such an effect.
To overcome this trouble, the cell was enclosed in a magnetic shield consisting of three concentric iron cylinders, each about J in. thick, and closed at each end by an iron lid. A hole | in. diameter through all three shields was necessary to admit the light, and other holes were also needed to make connexion to the cell. These latter were staggered, so as to maintain the shielding as far as possible. Despite these precautions, a small effect still remained, and the cell, with its shield, was finally placed in the position shown in figure 1 , where the effect of the field was reduced to ^ mm. with the operating conditions previously specified. Since the light from the interferometer was nearly parallel, no serious loss resulted from the increase in distance.
The galvanometer used had a resistance of 1000 Q, and a sensitivity of 550 mm. per fiA at the scale distance used. The period was 4 sec., and, prevent over-damping, a resistance of 10,000 Q, not shown in figure 2, was included in the circuit between shunts (S, figure 2 ) and galvanometer. With the amplifier and associated apparatus in its final form, a sensitivity could be obtained such th at the light from the interferometer, using both rays, but with no bands visible, would give a galvanometer deflexion of 80-100 cm. with the shunt set at unity. The deflexions produced by light from each interferometer path separately are almost equal.
Recording camera. The recording apparatus and control panel were located in the room previously mentioned adjacent to th at containing the equip ment already described. The recording apparatus consists of a drum, enclosed in a light-tight box, and driven by a small electric motor through reduction gearing at a speed of approximately one revolution in 70 sec. A strip of bromide photographic paper is held by a clip round the outer circumference of the drum, and an image of the filament of a small lamp, after reflection at the mirror of the galvanometer, is focused on the surface of the paper through a slit in the side of the box. The slit is covered by a shutter which can be raised wnen required by means of a solenoid.
In order to avoid errors in measurement of the record which might arise from any irregularity in the motion of the recording drum, a base line is put on every record by means of a second lamp-an image of the filament of this lamp is focused on the slit near one edge of the record. To mark the points on the record at which the current through the magnets is switched on or off, the light from this second lamp is directed on to the photographic paper through a time marker. This contains a small vane, operated by an electro magnet, which momentarily obscures the light each time the current through the winding is turned on or off, thus causing a short break in the base line. The electromagnet is actuated by means of a cell and pair of contacts, the contacts being closed by the movement of a strip of iron pivoted so as to project, horizontally, from the upper pole piece of magnet F (figure 1). The iron strip is normally held up by a spring, but, when the field of F reaches nearly its maximum value, it is pulled down and closes the contacts. As however the breaks in the base-line were rather difficult to locate at times, a third lamp, similar to the other two, was connected across the winding of m, so th at a dark line appeared on the record during each period when the current through the magnet windings was on. The whole camera, including lamps, galvanometer, motor, etc., was enclosed in a wooden case with a small opening in its top closed by a ground glass screfen on to which the image of a portion of the galvanometer spot is directed by means of a mirror. Thus movements of the galvanometer spot can be watched by eye, the amplifier can be kept balanced, and a suitable moment can be chosen for a record.
To obtain satisfactory records, the camera must fulfil the following requirements: (a) the shutter must open just after the join in the paper has passed the slit, and must close again just before it again reaches it; (6) within the limits set by (a) the shutter must be capable of being operated whenever required; (c) since the camera is covered during operation, some indication of conditions must be given externally; (d) the camera case must be easily removable for changing paper. Arrangements for fulfilling these conditions were satisfactorily made.
Sensitivity. An advantage of recording methods over direct visual observation of the bands is th at it is possible to measure with some certainty the actual sensitivity obtainable, a quantity entering into the final result in a definite manner in the present work, whereas with visual observation the limiting sensitivity is at best an estimate only.
To measure sensitivity, several bands are caused to move slowly across the field of view, immediately after each actual run. The resulting changes in brightness cause the galvanometer spot to record an approximately sine trace on the record. By noting the amplitude of this curve and the phase of its starting point, any measured displacement of the record trace can at once be expressed in terms of a fraction of a band. A convenient way of imparting a smooth movement to the bands was found to be by loading the pillar supporting one of the interferometer mirrors with water run slowly from one bottle standing on a shelf into another hanging from a wire. The suspended bottle, marked S in figure 1 , and both bottles used can be seen in figure 3 (plate 1). As will be seen in the photograph, the bottle S is supported by a pair of brass rods and wire in such a way as to give an increasing approximately horizontal pull to its pillar as its weight increases. This causes M to .approach N very gradually, and produces the required band movement. In figure 3 the bottles are shown ready for the measurement, S being empty. I t is only necessary to release the looped rubber tube (which can be done from the next room from a point near the control board) to start the water flow.
Sources of irregularity in final record.
Since a smooth trace is very desirable for the final measurements, any sources of disturbance likely to cause irregular movements of the galvanometer spot had to be eliminated as far as possible. Drifts of any magnitude, particularly those due to band movement, would cause some uncertainty as to the actual sensitivity, and should be avoided.
The mercury vapour lamp used had a tendency to flicker and such a flickering caused large disturbances of the record. The flickering was avoided by carefully adjusting the operating current and directing an air blast on the part containing the arc and on the cooling fins, and by keeping the lamp switched off as much as possible between measurements. The lamp was run from a large storage battery, which was used only for this purpose and for driving the small motor actuating the drum during the course of an experiment.
Band movements due to mechanical vibration and changes of tempera ture were at first troublesome. Continuous slight vibration blurs the bands and causes a loss of sensitivity. Interm ittent vibration should cause no displacement of the galvanometer spot provided the phase of the bands was half-way between dark and bright, since the illumination simply performed rapid excursions symmetrically about the mean value, which the galvanometer was too sluggish to follow. With the bands in any other phase, the unequal curvatures of the band position-illumination curve on either side of the mean position had a " rectifying" effect, causing the average illumination to alter, thus giving a galvanometer displacement as long as the vibration lasted. To reduce effects from the motor driving the drum, it was mounted as freely as possible on sponge rubber, the whole camera box stood on pieces of sponge rubber, and finally the legs of the table rested on felt. Resonance occurred at certain motor speeds, and caused greater vibration, and to assist in choosing the best motor speed, a vibration indicator consisting of a dish of mercury, a small lamp and a screen, was set up on the table. This simple device was remarkably effective for quickly adjusting camera speed, since the resonances were quite sharp, and had a beautiful and characteristic appearance, and by adjusting the motor speed to fall between two selected resonance patterns the speed could be kept close to the required value.
Vibrations arising outside the building were often intense enough to be troublesome, causing continual irregular wandering of the galvanometer spot, and making it necessary to carry out the experiments between about midnight and 4 a.m. Microseisms, when moderately strong, were trouble some, and during one series of experiments, when bad drifts were ex perienced, two minor earthquakes were afterwards found to have occurred. Microseismic conditions could be obtained from seismographs installed about one third of a mile away.
Temperature changes were capable of causing serious band drifts by changing the dimensions of interferometer parts, particularly of the two long brass stiffening rods, unequally. Fortunately, the apparatus 'being situated in a basement, the temperature was found to change by only a few tenths of 1°C during the course of a night's work, and, by lagging the rods, temperature drifts were made slow and of tolerable magnitude.
E xperim ental procedure
Two series of records were obtained, one with the three magnets pushed back so as to be just clear of the path of the light ray, in order to discover, and, if possible, eliminate any spurious effects, and the other with the magnets pushed up so that the ray passed through their gaps, as in figure 1. The general procedure was the same in both cases. At about 11 p.m. on a suitable evening, the amplifier batteries were connected up, and electric furnaces put over the three charcoal tubes on the magnets. The rotary backing pump for the mercury condensation pump was started, and, when the pressure in the vacuum system was low enough, the condensation pump and the electric furnaces were turned on. When the charcoal temperature had reached about 300° C, they were switched off, a fair vacuum having meanwhile been attained by the pumps. By the time the tubes had cooled again, the vacuum was usually approaching a steady condition. The mer cury vapour lamp, which was then switched on, takes some minutes to reach a stable state. As soon as it was steady enough, the pumps were stopped. A telescope was set up temporarily and the bands were brought to the best adjustment by rotating the mirror N about its two axes, a single band being caused, as far as possible, to fill the whole field of view. The telescope was then removed, voltage was applied to the photoelectric cell, and adjustments were made until the light from the interferometer falling on the cell cathode gave a convenient deflexion. The amplifier had, by this time, reached a fairly stable state, and any drift or unsteadiness was usually found to be due to disturbances of the bands, or to lamp flickers. The latter can be easily seen. They can be stopped by changing the lamp current, or by starting the air blast, or by both. Effects due to band movements usually settled down on waiting, when the galvanometer became steady. Connexion of the auxiliary galvanometer (which can be seen when the observer is in the vicinity of N) across G-the main galvano meter-enabled any small final adjustments for greater illumination, and for maximum galvanometer displacement between " bright" and " d a rk " band positions, to be made. All the above operations required about an hour to complete. If the bands were sufficiently steady when the adjustments had been made, and if other conditions were satisfactory, the electric furnaces, and any other apparatus containing iron, were removed, the pumps were shut off with a clamp, and flasks containing liquid air were put over the charcoal tubes, which were by this time generally at normal temperature. All lights in the room containing the interferometer, except the mercury vapour lamp, were turned out (fluctuations in the brightness of these lights due to changes in the supply voltage caused galvanometer movements), and the two operators pro ceeded to the next room, one to the switch controlling the magnet current, and the other to the control board near the camera. The sensitivity was brought up to its maximum safe value by raising the voltage on the cell by means of the potentiometer P2 (figure 2). Too high a cell voltage caused the galvanometer spot to creep badly, sometimes at a rapidly increasing rate, until the cell ionized. The observer at the camera watched the galvano meter spot, and chose a suitable moment, when the sensitivity and steadi ness appeared to be satisfactory, and signalled to the operator at the switch, who closed it for a few seconds. Any movement of the spot was noted; if it was at all large, it was probably due to the appearance of magnetizable particles in the gap. These particles appeared. They probably lay in the boxing enclosing the gap, and may have been due to flaky corrosion of the pole faces. They seemed to stand up in the gap and obstruct the light variably as the field changed. Blowing air through the gap removed the effect for a long or a short time, but eventually it reasserted itself until the gap was again blown through. Any difficulty of this kind having been overcome, preparations were made for a photographic record. The speed of the drum carrying the photographic paper was adjusted, with the aid of a stop-watch, to about 1 revolution in 70 sec., speed being finally arranged so as to avoid vibration as described above. Since sensitivity is a maximum when the band phase is half-way between " d a rk " and " bright" , it is desirable th at all records should be made, as far as possible, with the bands in this condition. As already mentioned, any vibration will, unless the band phase is as above, cause a change in the average light flux emerging from the interferometer, such change being always towards a value corresponding to mid-band phase. Thus, if the operator set up a vibration purposely, the galvanometer spot would always move towards the position it would take up (in the absence of vibration) for maximum sensitivity. By adjusting the balance of the bridge, it was possible to cause this position to be at the centre of the viewing screen. Some band drift was nearly always present, but as long as it was not too rapid, it was always possible, by waiting until the spot is in the middle of the screen, to make a record while sensitivity was near a maximum. If the galvano meter was then reasonably steady, a key on the control panel was depressed, opening the shutter, and lighting a lamp near the main switch. As soon as this occurred, the operator at the switch started a stop watch, and, after an interval of 10 sec., which was altered later to 7 sec., he closed the switch, holding it closed for an equal period. He continued in this way, alternately opening and closing the switch, until the drum had completed a revolution, when the shutter closed and the lamp went out. To obtain the sensitivity, the operator at the control board quickly set the shunt S (figure 2) at 1/3 (it was set at unity during the preceding period), and pressed the key again. The shutter opened again and about 10 sec. later the loop in the rubber tube between the two bottles was released. Provision had been made for doing this without any change in position of the operator. The light spot then moved back and forth across the paper, giving a trace resembling a sine curve; at the end of the revolution the shutter closed again, three or four complete bands having passed in the interval. This gave a complete record. A numbered note of any im portant details was made, the exposed paper strip was removed and marked with the same number and date, and a fresh piece of paper was inserted for the next record. During this interval, the mercury vapour lamp had been turned off to cool, and the water th a t had run into the sensitivity bottle S (figure 1) was returned to the other bottle and the tubing was looped up for the next run. An observation of the state of the vacuum was then made, with the aid of the induction coil and discharge tube, and the appearance of the discharge noted. Usually the charcoal and liquid air quickly brought the pressure down to a low value and maintained it there during the whole series of measurements. Sub sequent determinations with a McLeod gauge showed this to be about 0*05 mm. of mercury.
If everything appeared satisfactory, four or five records were generally taken in the course of a night's work, occupying three or four hours. Between records any small adjustments to the interferometer, amplifier, etc. th a t appeared to be necessary were made, any resulting changes in sensitivity being taken care of by including a sensitivity curve, taken immediately after the actual run with the magnet, on each record. A note was made of the current through the magnet windings during the run, and also of the temperature (by means of a thermometer on the lagging of one of the interferometer bars) and of the barometric pressure. A rapid fall in the barometer is usually associated with microseismic activity, in this locality, and so it was generally possible to decide whether any unsteadiness or bad drifting of the galvanometer was due to external causes or to some fault in the apparatus.
Altogether twenty-seven' records were secured with the light passing through the magnet gaps. Of these, nine were finally selected for com parative smoothness of the record and high sensitivity, for measurement with a planimeter. Four such records are shown in figure 4 , the size of the originals being 62 cm. long by 10 cm. wide. In the upper two the " O n" and " Off" periods can be seen near the bottom edge of each record, and the base line just above. The sensitivity and measurement traces can be easily identified from their appearance, and it will be noticed that each sensitivity curve starts from a point lying between crest and trough. No. II, 5 July 1936, is the best example of this, the starting point being almost on the axis of the sine curve. In all four records the sensitivity curve has been obtained with the shunt set a t 1/3 (i.e., the galvanometer movements for it must be multiplied by three), and the other trace with it set at unity. The vertical lines and the rectangle are construction lines put on afterwards to facilitate planimeter measurements. Equal intervals of either 7-5 or 5 cm., depending on whether the period is 10 or 7 sec., are marked off within each " On" and " Off" period, the smoothest part of the in vacuo in a transverse magnetic field 17 Vol. 175. A. 2 period being chosen whenever possible, and vertical lines drawn between record and base line. A rectangle 6 cm. high, with one of these intervals as base, was also constructed on most of the records. The areas included between the main trace and the base line in each interval and the area of the rectangle were then measured with a planimeter. The distances between a number of crests and troughs of the sensitivity curve and a base line were measured, and the average amplitude was calculated. The direction of the initial (left) part of this curve, whether towards or away from the base line, was noted. The vertical distance between a crest and a trough on the sensitivity curve evidently represents a displacement of half a band, corresponding to a path change of half a wave-length. To obtain the displacement for a path difference corresponding to a full band this distance must be multiplied by the factor 2 and also by the shunt factor (usually 3) before reducing displacements to fractions of a band interval, which was taken as the distance between successive bright or dark bands.
Propagation of light
Since the bases of the " O n" and " Off" areas, and of the standardizing rectangle are, for any record, the same (viz. 7*5 cm. or 5 cm. as the case may be), the planimetered areas, above these bases, are proportional to the average heights of these areas, and the difference between the mean of two consecutive " Off" areas and the intervening " O n" area is propor tional to the difference of galvanometer deflexions during these periods, th a t is to say to the effect sought. This difference in heights (i.e. the differ ence in galvanometer readings) can be converted into centimeters by comparison with the planimeter reading for the standardizing rectangle, and this, again, into " band movements" by comparison with the sensi tivity curve corrected for the amount of shunting used for it (usually 1/3). From this to the wave-lengths of the light used, and thence to the differ ence of velocity of the light through the two paths of the interferometer, is a m atter of quite simple physics and arithmetic. The formulae used and the data for the computations are given below.
The difference of mean band displacement fi between the " O n" and the " Off" periods for each record is given by
Propagation of light in vacuo
where h = height of rectangle constructed on record (6 cm.), P = planimeter reading obtained by traversing rectangle, in plani meter scale divisions, D as mean of differences, in planimeter scale divisions, a = mean amplitude of sensitivity trace, in cm., 8X = shunt setting when making sensitivity trace, S2 = shunt setting during run with magnetic field.
Whether the displacement calculated by (1) represented an increase or decrease in velocity of the ray passing through the magnetic field was decided in the following manner. Since the displacement of the trace recorded during the sensitivity run was the result of a band movement caused by a shortening of the path of the ray which did not pass through the magnetic field, the direction of the initial displacement of this trace gave the direction corresponding to a decrease in velocity of the other ray (i.e. the ray passing through the magnetic field). Hence a comparison of the sign of D with the direction of the initial part of the sensitivity trace, on each record, rendered it possible to determine, in each case, whether a decrease or an increase in velocity of the ray passing through the magnet gaps when the field was switched on was indicated.
The results of measurement of the nine records are given in the accom panying tables. The row marked " differences" gives the difference between each " O n" period and the mean of the preceding and succeeding " Off" periods. A negative sign indicates that the trace has moved towards the base line during the " O n" period. The predominance of negative signs indicates a residual spurious effect, which will tend to be eliminated in the final result as follows:
Depending on the position of the bands during a measurement, a change of velocity, in one path, of a given sign, will cause either an increase or decrease of light flux, according to whether the change tends to reduce or increase the phase difference between the oscillations in the two interfering rays. Since the loading of one pillar during a sensitivity measurement is known to shorten the path of a particular ray, it is possible by inspection of the initial part of each sensitivity curve to determine whether a given displacement of the trace secured during the run with the magnets repre sents an increase or decrease in velocity of the ray through the field. Spurious effects due to factors tending to .change the total light flux (other wise than by band displacement), being always in the same direction, will, therefore, be interpreted as increases in velocity in some cases and as decreases in others. The final results from the records, expressed as fractions of a band displacement, are, therefore, divided into two groups, according to whether the initial movement of the sensitivity trace is towards or away from the base-line. Each group is averaged separately, and, lastly, the means of these two values taken for the calculation of a change in velocity. This procedure will not, of course, eliminate any spurious effect resulting in actual band displacement. The magnitude of any such effect, determined in the preliminary tests already described, was, however, relatively small. Table 2 gives the results from each record grouped in this way. When the difference has a negative sign, a decrease in the velocity of the ray in the magnetic field is indicated.
The probable error, R, of determination of band disp ascertained in the ordinary way from the equation where Vv V2, ... Vn are the differences between the individual observations an the mean of all the observations. The mean referred to ( = 0-0152) is th at of the twenty-eight " differences " listed in Table 1 , after conversion of each of these differences into band displacement by the use of equation (1). The value thus found for the probable error was 0-00265 band.
where n = number of observations (= 28), and S is given by
During the preliminary measurements, with the magnets pushed back just clear of the appropriate ray, a spurious effect amounting to 0*002 band, and indicating an increase in velocity, was obtained. Since the presence of even a small piece of iron, such as a screw, in any of the instruments on the pillars supporting the interferometer mirrors was found to give a marked band displacement in the same direction when the field was switched on, it was concluded th a t this effect would probably be due to traces of magnetic impurities in the materials of the pillars or mirror mounts. This must, therefore, be subtracted from the previous result (0*0069), giving + 0*0049 band for the final value. The change in velocity of the ray in the magnetic field may now be calculated by means of the equation
FA -V -F p ) .
where Vh = velocity of light in the magnetic field, V = normal velocity of light, 3 x 1010, /? = band displacement (0*0049), A = wave-length of light used (5461 x 10-8 cm.), I = length of path of ray in magnetic field (234 cm.).
Hence
V h-V = 34*31 cm./sec. ± 18*56 cm./sec. Looking a t the figures in Table 2 , which are derived from the records tabulated above, it is seen th at they are divided into two parts, viz. those on the left, in which the initial movement of the sensitivity trace was towards the base line, and vice versa, those on the right-hand side of the table. Those on the right-hand side have had their signs changed, so as to take account of this difference of initial movement of sensitivity trace. If, on the other hand, this difference of initial movement be disregarded, the signs throughout remain as they are in the details above, and it will be seen th at of the whole nine, all but two are negative, and the two positive ones are relatively very small. These are from Records V and III on the left-hand side. Amongst the other seven a considerable uniformity is obvious. They are all negative, they all lie between 0*016 and 0*026, with a mean of 0*0208. As against these there are the two positive values, 0*00058 and 0*0059, which, as between themselves, are not so consistent. There is thus a considerable balance of evidence, that, when a magnetic field is switched on, there is a movement of the galvanometer needle away from the base line (negative sign) which is not connected with the phase of the bands, and which is therefore not due to an effect of the magnetic field upon the velocity of light. The outside value deduced above (34*31 cm./sec.) takes in all the records and is influenced considerably by the two least reliable positive ones on the left-hand side of Table 2 . I t appears therefore, th at whilst the value 34-31 cm./sec. is the maximum effect which is found in the work, yet the evidence of selected records is, th a t the value is spurious, and is due to causes other than an effect of a transverse magnetic field upon the velocity of light.
Field strength. The iron of the magnets was carefully demagnetized with alternating current, and one branch of a B.H. curve was taken by means of the special search coil mentioned below. On switching off the current the residual field was found to be of the order of 5000 oersted. From the form of the curve a t the maximum current used (70 amp.), it was clear th a t a near approach to saturation had been obtained, so th a t small departures from this value during actual runs would be relatively unimportant.
Obviously with the authors' objective, the change in field strength only, on switching on the current, was relevant. This was measured by introduc ing a specially made search coil, connected to a Grassot fluxmeter, into the gaps through the tubes provided (figure 1), and switching on the current. The fluxmeter reading thus obtained then gave the change in flux produced, and by calibrating the special search coil against a standard coil in the field of an electromagnet the value of the change of flux was obtained. The change of field strength in the gaps of each of the three magnets was practically the same, no individual value differing by more than 2 % from the mean, which was found to be 19,917 oersted, with a current of 70 amp. This is a little larger than th a t usually obtained while recording (about 65 amp.).
Vacuum. Subsequent calibration of the discharge tube used with the apparatus, by means of a McLeod gauge, showed the pressure of the residual air to have been reduced to about 0-05 mm. of mercury during measurements.
Polarization. Observations with a Nicol prism of the light emerging from the interferometer, and (by removing the mirror O) of the light passing through the magnet gaps, showed no appreciable polarization.
Discussion of result
While, as indicated in the course of this paper, every effort has been made to eliminate or minimize any spurious effects, and it is not thought th a t any major cause of uncertainty has been overlooked, the smallness of the final result, combined with the magnitude of the calculated probable error, make it difficult to accept the observed change in velocity as real, unless some theoretical support is forthcoming.
Summary
This paper is an account of work done to determine, to a higher degree of precision than before, the effect (if any) of a transverse magnetic field on the velocity of propagation of light in air a t reduced pressure.
The experimental results indicate th a t there is an increase in the velocity of light of 34*31 cm./sec., in a field in which the magnetic force was 20,000 oersted, in the presence of air a t a pressure of 0*05 mm. of mercury. The probable error of the observations was found to be 18*56 cm./sec. An inter ferometer method, using the Michelson arrangement, was employed, one interfering ray passing through the field in the gaps of three electromagnets, and the other passing through free space. A photoelectric cell and ampli fier were used in conjunction with a galvanometer, to record band movement on a moving photographic strip, the resulting record being subsequently measured by means of a planimeter. The mean of the results from a number of such records was taken, and preliminary check experiments carried out. The authors consider th a t they have taken all precautions to eliminate causes tending to give a spurious effect greater than the probable error of observation quoted above. They would however be very hesitant in accepting the above final result as real. All th a t can be said definitely is th a t in such a field (20,000 oersted) the effect is less than 1 part in about &x 108.
